Akt and mammalian target of rapamycin (mTOR) are both activated after traumatic brain injury (TBI), however complex interplay between the two hampers deciphering their functional implications in vivo. We examined the effects of single and combination inhibitors of Akt/mTOR in a mouse controlled cortical impact (CCI) model. Following CCI, phospho-Akt-473 (p-Akt) and -S6 ribosomal protein (p-S6RP), a downstream substrate of mTOR, were increased in cortical and hippocampal brain homogenates (P < 0.05 versus sham). At 24 hours, p-S6RP was detected in neurons and was robustly induced in microglia and astrocytes in injured hippocampus. In vivo activity of Akt and mTOR inhibitors administered separately was confirmed by reduced expression of p-GSK3b (P < 0.01) or p-S6RP (P < 0.05), respectively, after CCI. Importantly, administration of Akt and mTOR inhibitors together (but not of either alone) improved postinjury motor (P = 0.02) and cognitive deficits (hidden platform trials, P = 0.001; probe trials, P < 0.05), decreased propidium iodide-positive cells in CA1 and CA3 (P < 0.005), and unexpectedly increased p-GSK3b in hippocampus. Although the roles of Akt and mTOR in the pathogenesis of TBI remain to be fully elucidated, dual inhibition of Akt and mTOR may have therapeutic potential for TBI.
Introduction
The phosphatidylinositol-3-kinase-Akt-mammalian target of rapamycin (mTOR) pathway regulates key intracellular pathways involved in translation, transcription, metabolism, proliferation, and response to cellular injury (Wymann et al, 2003) . Akt (protein kinase B) is a serine-threonine kinase that is activated by phosphorylation of Thr308 by phosphoinositide-dependent kinase-1 and of Ser473 by mTOR complex 2 (TORC2). Activation of Akt is dependent on membrane translocation mediated by binding to phosphatidylinositol 3,4,5-triphosphate, which is generated by phosphatidylinositol-3-kinase in response to RTK (receptor tyrosine kinase) activity (Franke and Cantley, 1997) . Direct Akt substrates involved in cell stress include glycogen synthase kinase 3-b (GSK3b) and the FoxO transcription factors. Akt inhibits apoptosis by phosphorylating and inactivating proapoptotic factors such as Bad, caspase-9, and GSK3b (at Ser9) and activating nuclear factor-kB (Franke and Cantley, 1997; Song et al, 2008) . Recent work suggests that Akt can also promote necrosis in some contexts in part by increasing oxidative stress (Komandirov et al, 2011; Maddika et al, 2008; Nogueira et al, 2008) and suppressing autophagy (Wu et al, 2009) .
Mammalian target of rapamycin is a serine/threonine kinase that exists in the rapamycin-sensitive mTOR complex 1 (TORC1), which feedback inhibits Akt by phosphorylating and activating S6K, which phosphorylates and activates IRS1. Phospho-IRS1 dissociates from insulin-like growth factor-1/insulin receptors and prevents downstream AKT activation (Hollander et al, 2011) . Conversely, TORC1 activity is increased by growth factor stimulation in an Aktdependent manner and by amino acids independent of Akt. One of the major functions of TORC1 is stimulation of translation through phosphorylation and activation of S6 kinase (p70S6K), which in turn phosphorylates S6 ribosomal protein (S6RP). In addition, p70S6K shares some substrates with Akt, including Ser9 of GSK3b, adding further complexity to regulation of Akt/mTOR signaling (Frame and Cohen, 2001) .
Akt has been implicated as a prosurvival factor in experimental stroke (Carloni et al, 2010; Endo et al, 2006; Noshita et al, 2001; Zhao et al, 2005) , nerve transection (Namikawa et al, 2000) , and spinal cord injury (Hu et al, 2010) . Akt and mTOR signaling pathways are induced after experimental traumatic brain injury (TBI) in rodents but their functional significance remains incompletely characterized (Chen et al, 2007; Jenkins et al, 2002; Neary, 2005) . Akt is activated and colocalizes with uninjured neurons after controlled cortical impact (CCI) in mice (Noshita et al, 2002) ; however, direct evidence for specific functional role(s) for Akt in TBI, as determined by pharmacological or genetic inhibition of Akt, is lacking. In contrast, a detrimental role for TORC1 is suggested by the observation that rapamycin administration reduced p70S6K phosphorylation, postinjury motor deficits, neuronal cell loss, and microglial activation after cerebral contusion in mice (Erlich et al, 2007) . Here, we interrogated the functional significance of Akt and mTOR pathways with specific inhibitors of Akt and TORC1 alone and in combination using a mouse CCI model. We describe herein a marked beneficial effect of dual inhibition of Akt/mTOR on outcome associated with an unexpected increase in GSK3b Ser9 phosphorylation.
Materials and methods
All experiments were performed by investigators blinded to study group, and were approved by the Massachusetts General Hospital Institutional Review Board and complied with the NIH Guide for the Care and Use of Laboratory Animals. Mice were given free access to food and water and were housed in laminar flow racks in a temperaturecontrolled room with 12-hour day/night cycles.
Mouse Controlled Cortical Impact Model
The mouse CCI model was used as previously described (Bermpohl et al, 2006) . Male C57Bl/6 mice (3 months of age; Jackson Laboratories, Bar Harbor, ME, USA) were anesthetized with 4% isoflurane, 70% N 2 O and balance O 2 and placed in a stereotactic frame. Blow by anesthesia was maintained via a nose opening in the tubing leading from the anesthesia box and isoflurane was titrated to quiet respirations and lack of toe pinch response at a level that avoids hypotension (Khuman et al, 2010) . A 5-mm craniotomy was performed over the left parietotemporal cortex and the bone flap removed. Controlled cortical impact was produced using a pneumatic cylinder with a 3-mm flat-tip impounder, velocity 6.0 m/s, and depth of 0.6 mm. Sham-injured mice received craniotomy without CCI. Following sham injury or CCI, the bone flap was discarded and the scalp sutured closed. Mice were returned to their cages to recover from anesthesia.
Administration of Rapamycin and Akt Inhibitor VIII
Rapamycin from Streptomyces hygroscopicus (Calbiochem, San Diego, CA, USA) and Akt inhibitor VIII (isozyme selective akti-1/2; Calbiochem) were administered singly or in combination in various concentrations into the left lateral ventricle (0.1 mm posterior 1 mm lateral, 2 mm deep to bregma) immediately before CCI. For all experiments, 4 mL total volume was given.
Assessment of Motor Function
Gross vestibulomotor function was assessed using a wire grip test on postinjury days 1 to 4. The wire grip test consisted of placing the mouse on a wire (45 cm long) suspended between two poles 45 cm high, and grading the ability of mice to traverse the wire over 60 seconds (Bermpohl et al, 2006) .
Morris Water Maze
Spatial memory acquisition was assessed using the Morris Water Maze (MWM) as previously described on postinjury days 8 to 12 (Bermpohl et al, 2006) . A white pool (83 cm diameter, 60 cm deep) was filled with water to 29 cm depth. A round, clear plexiglass platform 10 cm in diameter was positioned 1 cm below the surface of the water B10 cm from the southwest quadrant. Each mouse was subjected to no more than two hidden platform, probe, or visible platform trials per day over the 4-day period. For each trial, mice were randomized to one of four starting locations (north, south, east, and west) and placed in the pool facing the wall. Mice were given a maximum of 90 seconds to find and mount the platform. If the mouse failed to reach the platform by 90 seconds, it was placed on the platform by the experimenter and allowed to remain there for 10 seconds. Mice were dried and kept warm under heat lamps between trials. Performance in the MWM was quantitated by latency to the platform. Following five hidden platform trials, a probe trial was done in which mice were placed in the tank with the platform removed and latency in the target quadrant was measured (60 seconds maximum). Finally, two visible platform trials with the platform raised 1 2 cm above the water and clearly marked with tape were performed.
Assessment of Lesion Volume
Morphometric image analysis was used to determine lesion volume and brain tissue atrophy at 15 days after CCI. Mice were deeply anesthetized with isoflurane and decapitated, and the brains were removed and frozen in liquid nitrogen vapor. Coronal sections (20 mm) were cut at 0.5 mm from the anterior to the posterior brain, mounted on poly-Llysine-coated slides, and stained with hematoxylin. The areas of the injured and noninjured hemispheres were determined using image analysis and the method of Cavalieri as previously described (Nikon NIS Elements, Melville, NY, USA) (Bermpohl et al, 2006) . Lesion volume was the difference between noninjured and injured hemispheric brain tissue volume and was expressed in mm 3 .
Administration of Propidium Iodide and Assessment of Propidium Iodide-Positive Cell Counts
Propidium iodide (PI; 10 mg/mL; Sigma, St Louis, MO, USA) was diluted in phosphate-buffered saline (PBS) and 1 mg/kg was administered intraperitoneally in a total volume of not more than 100 mL 1 hour before kill. Mice were killed at 4 hours after CCI, the brains frozen in nitrogen vapor, and cryostat brain sections (12 mm) were cut at 150 to 200 mm intervals from anterior to posterior hippocampus. Cryostat sections were placed on poly-Llysine slides and stored at À80 1C. For detection of PIlabeled cells, the brain sections were fixed in 100% ethanol for 10 minutes at room temperature, coverslipped with Permount (Biomeda, Foster City, CA, USA) and photographed on a Nikon Eclipse T300 fluorescence microscope (Tokyo, Japan) using excitation/emission filters 568/585. Propidium iodide-positive cells were quantitated in cortex and hippocampus in three brain sections separated by at least 150 to 20 mm as previously described .
Quantitative Real-Time Polymerase Chain Reaction
mRNA extraction and elution was performed using the protocols of GE Healthcare's illustra RNAspin Mini RNA Isolation Kit (Piscataway, NJ, USA) and previously reported methods (Khuman et al, 2010) . Quantitative real-time polymerase chain reaction was performed using tumor necrosis factor-a as the target gene and 18S as the reference gene (Invitrogen, Carlsbad, CA, USA; Applied Biosystems, Carlsbad, CA, USA; Assay ID#: Hs00174128_m1).
Western Blot Analyses
Western blotting was performed using left hemispheric tissue (cortex or hippocampus) from injured or shaminjured mice. In dual inhibitor experiments, we measured p-GSK3b in hippocampus to correlate GSK3b with hippocampal function as assessed in the MWM, and because diffusion of drugs injected ICV may be inconsistent to the ipsilateral cortex. The brain tissue was homogenized in RIPA buffer containing protease inhibitor (Roche Diagnostics, Indianapolis, IN, USA) and phosphatase inhibitor (Roche Diagnostics). Protein content was quantitated with a standard curve using bovine serum albumin and a colorimetric assay from Bio-Rad (Richmond, CA, USA). Samples were denatured by boiling in 2-mercaptoethanol and 30 mg of protein was loaded into each well of a 4% to 15% gradient or 10% Tris-HCl precast gel (Bio-Rad). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (Millipore, Immobilon transfer membrane, Bedford, MA, USA). Membranes were blocked in 5% milk in Tris-buffered saline Tween 0.1% (TBST) and incubated in primary antibodies (all from Cell Signaling Technology, Beverly, MA, USA; 1:750 or 1:1,000 dilution) overnight at 4 1C. Membranes were washed in TBS-T and incubated in HRP (horseradish peroxidase)-conjugated secondary antirabbit-HRP conjugate (1:5,000 dilution) or anti-mouse-HRP antibodies (for B-actin, 1:5,000) (Cell Signaling Technology) for 1 to 2 hours and immunoblotted proteins were detected using the ECL Plus Western Blotting Detection system (GE Healthcare, Woburn, MA, USA). Relative optical densities for protein bands were determined using image analysis (Kodak Image Station, Rochester, NY, USA).
Immunohistochemistry
Mice were anesthetized and transcardially perfused with 30 mL PBS followed by 2% paraformaldehyde at 4 or 24 hours after sham injury or CCI. The brains were postfixed in 2% paraformaldehyde for 24 hours and cryoprotected in 30% sucrose for 24 hours then refrigerated at 4 1C in 0.01% sodium azide. The brains sections (40 mm) were cut on a microtome and incubated in 1:100 diluted antigen retrieval solution (Sigma, Allentown, PA, USA), washed three times, and incubated with primary antibodies from Cell Signaling (rabbit anti-phospho-S6, mouse anti-NeuN-Alexa Fluor 488 conjugate, rabbit anti-IBA-1, or rabbit anti-GFAP-Cy3 conjugate) (all antibodies from Cell Signaling except Iba-1 from Wako, Tokyo, Japan) overnight at 4 1C. Sections were washed three times in PBS and incubated with the corresponding secondary antibody-fluorophore conjugate for 1 hour (1:300). As a negative control, alternate sections were incubated with isotype-matched IgG. Sections were washed three times in PBS and mounted onto glass slides using Clearmount with Tris buffer (Electron Microscopy Sciences, Hatfield, PA, USA) and photomicrographs obtained with the following excitation-emission filters: 568/ 585 for Cy3 and 489/506 for Alexa Fluor 488.
Statistical Analyses
Data are mean±standard error of the mean. Morris Water Maze hidden and visible platform and motor data were analyzed by repeated measures analysis of variance (group Â time). Probe trial and densitometry data were analyzed by t-test. Propidium iodide-positive cell count data were analyzed by rank sum.
Results
Akt and Mammalian Target of Rapamycin Signaling Is Induced After Controlled Cortical Impact Figure 1A shows Western blot analysis of phospho-Akt and total Akt expression after sham injury or CCI. Phospho-Akt (p-Akt) and Akt were detectable in cortex and hippocampus of sham-injured mice. At 4 hours after CCI, p-Akt was significantly increased in both hippocampus and cortex (P < 0.05 versus sham; Figures 1A and 1B) . At 24 hours, p-Akt expression was similar to that of sham-injured mice. Expression of total Akt did not differ at any time in cortex or hippocampus ( Figure 1A and densitometry data not shown). Similar to phospho-Akt, phospho-GSK3b, a direct substrate of Akt, was also induced by 4 hours after CCI (P < 0.05 versus sham) and reduced at 24 hours in cortex ( Figures 1C and 1D ). However, in hippocampus, expression of phospho-GSK3b did not differ between sham and injured mice at 4 or 24 hours. No change was observed in total GSK3b ( Figure 1C and densitometry data not shown). Figures 1E and 1F show changes in p-S6RP, a substrate of TORC1/p70S6K, after CCI. Phospho-S6RP was significantly increased in cortex and hippocampus at 4 and 24 hours after CCI (P < 0.01 and 0.001 versus sham, respectively), whereas total S6RP did not change after CCI at either time point ( Figure 1E and densitometric analyses not shown). Total mTOR expression did not change at 4 or 24 hours after CCI compared with sham levels (not shown). Overall, these data indicated an increase in both Akt and TORC1 activity in both cortex and hippocampus following CCI.
Phospho-S6RP Is Induced in Glia After Controlled Cortical Impact
Phospho-S6RP was constitutively expressed in cortex of sham-operated mice in subsets of NeuN + neurons, GFAP + astrocytes, and IBA-1 + microglia; most cortical p-S6RP staining was observed near the surface of the brain (Supplementary Figure 1) . The presence of p-S6RP was also noted in neurons in hippocampal CA3, CA1, and DG (dentate gyrus), whereas little or no staining was observed in glial cells in hippocampus of sham-injured mice (Supplementary Figure 1 and data not shown). Following CCI, p-S6RP was robustly induced in cortical and hippocampal microglia and astrocytes (Figure 2 , upper and lower panels). No clear increase in the numbers of p-S6RP-positively stained neurons was observed at 24 hours after CCI (Figure 2 , middle panels).
Effect of Single and Dual Inhibition of Akt and Mammalian Target of Rapamycin on Phosphorylation of Downstream Substrates After Controlled Cortical Impact
Considering robust increase in Akt and TORC1 activity following CCI, we next sought to determine the functional roles of these changes using corresponding inhibitors (Akt inhibitor viii and rapamycin, respectively). To confirm the activity of Akt and mTOR inhibitors in the brain, we assessed phosphorylation of the Akt substrate GSK3b and the mTOR substrate S6RP at 4 hours after CCI. Compared with vehicle-treated injured mice, Akt inhibitor alone did not change Akt phosphorylation (as expected) but reduced GSK3b phosphorylation. Rapamycin treatment also decreased p-GSK3b expression, which may be related to the reported p70S6K activity ( Figures 3A  and 3B ). Conversely, rapamycin treatment alone reduced postinjury p-S6RP expression whereas the effect of Akt inhibitor was not statistically significant. Thus, single inhibitors showed good in vivo activity on their respective downstream substrates with Akt inhibitor more efficiently attenuating p-GSK3b and rapamycin p-S6RP. We next examined dual Akt/ TORC1 inhibition. Curiously, while administration of Akt inhibitor and rapamycin together before CCI robustly decreased phospho-S6RP levels and did not alter p-Akt levels as could be expected, we observed an increase in GSK3b phosphorylation ( Figures 3C and 3D) .
Dual Inhibition of Akt and Mammalian Target of Rapamycin Reduces Propidium Iodide-Positive Cells in Hippocampus After Controlled Cortical Impact
We next assessed the effect of Akt and mTOR pathway inhibition on acute cellular injury and tissue damage 4 hours after CCI. Compared with vehicletreated mice, treatment with combination Akt and mTOR inhibitors decreased numbers of PI-positive cells in ipsilateral CA1 and CA3 (P < 0.05) but not DG or cortex (Figure 4 ), whereas treatment with Akt inhibitor or rapamycin alone did not reduce PI + cells (CA1: Akt viii 24.0 ± 3.1, RAP (rapamycin) 23.8 ± 4.3, PBS 27.7 ± 3.2, P = ns; CA3: Akt viii 48.5 ± 5.0, RAP 44.4±8.0, PBS 39.8±4.5, P = ns; DG: Akt viii 226.9 ± 8.4, RAP 223.0 ± 8.6, PBS 219.9 ± 5.4; cortex: Akt viii 90.4 ± 7.2, RAP 92.3 ± 5.6, PBS 103.9 ± 4.2, P = ns, n = 5 to 6/group). In addition, dual administration of Akt and mTOR inhibitors had no effect on the brain lesion size at 2 weeks after CCI (vehicle, 12.7±1.4 mm 3 ; DI (double inhibitor), 13.4±1.8 mm 3 , P = 0.77, n = 11 to 12/group).
Combined Administration of Akt and Mammalian Target of Rapamycin Inhibitors Improves Motor Function After Controlled Cortical Impact
Compared with preinjury motor testing, CCI produced significant deficits in wire grip testing (P < 0.001 for group versus sham injury) that resolved over time in vehicle and drug treatment groups (P < 0.0001 for time). Treatment of sham-injured mice with DI did not alter motor function compared with vehicle-treated sham-injured mice ( Supplementary  Figure 2) . Pretreatment of injured mice with combined Akt and mTOR inhibitors (but not single inhibitors alone) improved postinjury wire grip test performance (P = 0.02 for group; Figure 5 ).
Combined Administration of Akt and Mammalian Target of Rapamycin Inhibitors Improves Postinjury Spatial Memory Acquisition After Controlled Cortical Impact
To assess the effect of Akt and mTOR inhibition on postinjury cognitive function, we first administered Akt inhibitor and rapamycin (12.5 mmol/L each) to sham-injured mice and showed no affects on spatial learning compared with vehicle treatment (Figure 6A ; P = 0.78 for group in hidden platform trials, P = 0.72 for probe trials: vehicle 22.5 ± 1.2 seconds, DI 23.8 ± 2.3 seconds). Following CCI, administration of Akt inhibitor or rapamycin alone at 12.5 mmol/L had no effect on hidden platform or probe trials ( Figure 6B ). We next carried out dose-response experiments in injured mice using 12.5 mmol/L Akt Inhibitor VIII and a range of concentrations of rapamycin together. Administration of Akt (12.5 mmol/L) and rapamycin (12.5 mmol/L) together yielded strong beneficial effects on hidden platform latencies (P = 0.0011 for group; Figure 6B ) and probe trials (P < 0.05 versus vehicle; Figure 6C ) whereas combination treatment with 12.5 mmol/L Akt inhibitor and 1.25 or 125 mmol/L of rapamycin had no effect on MWM performance ( Supplementary Figure 2) . No differences in visible platform trials were noted among any of the injured groups.
No effect of Akt/Mammalian Target of Rapamycin Inhibitors on Brain Inflammation After Controlled Cortical Impact
Because p-S6RP was robustly increased in glial cells after injury, we determined the antiinflammatory effects of Akt inhibitor and rapamycin by assessing microgliosis and astrocytosis and quantitation of the brain tumor necrosis factor mRNA. No difference in microgliosis or astrocytosis was observed at 48 hours (the peak of glial inflammation in our CCI model) (Figure 7) . Likewise, no difference in the brain tumor necrosis factor-a mRNA expression was observed at 6 hours after CCI in vehicle and dual inhibitor groups (mean normalized expression: injured, vehicle treated 1.32 Â 10 À5 + 3.3 Â 10 À6 ; injured, combination inhibitor treated 1.7 Â 10 À5 + 1.5 Â 10 À6 ).
Discussion
In agreement with previous studies in rodents, p-Akt-473, p-GSK3b, and p-S6RP were transiently increased in cortex, and p-Akt-473 and p-S6RP in hippocampus between 4 and 24 hours after CCI, suggesting activation of Akt and mTOR signaling Figure 5 Reduced motor deficits after controlled cortical impact (CCI) in double inhibitor (DI)-treated mice. Vestibulomotor function was improved in DI-treated mice (n = 12) compared with vehicle (VEH) treatment (n = 16 VEH, P = 0.0016 for group) and compared with rapamycin (RAP) alone (P = 0.04 for group). No effect was observed with Rap (n = 12) or akt inhibitor viii (AKT I, n = 20) alone versus VEH.
Figure 6
Effect of akt inhibitor viii (AKT I), rapamycin (RAP), vehicle (VEH) (phosphate-buffered saline, PBS), or combined treatment with RAP/AKT I (double inhibitor, DI) on Morris water maze (MWM) performance after sham injury or controlled cortical impact (CCI). (A) MWM performance did not differ between DI and VEH-treated, sham-injured mice (n = 6/group). Following CCI, DI treatment significantly improved hidden platform performance (B) and probe trial scores (C) versus VEH (P = 0.0011 for group, repeated measures analysis of variance (ANOVA), n = 18/group). No significant differences were observed after CCI between single inhibitors (Akt inhibitor viii, n = 20; RAP, n = 12) and VEH groups in hidden platform (B) or probe trial (C) performance.
after TBI (Chen et al, 2007; Erlich et al, 2007; Noshita et al, 2001) . However, administration of either inhibitors of Akt or mTOR alone, while expectedly reducing phosphorylation of downstream substrates, did not alter functional outcome after CCI. Strikingly, combination treatment with Akt/mTOR inhibitors improved postinjury motor and cognitive function and reduced the numbers of cells with plasmalemma damage in CA3 and CA1, brain regions involved in spatial learning and memory in mice. To our knowledge, these are the first data suggesting a possible treatment strategy for TBI by dual inhibition of Akt/mTOR. Importantly, our approach in documenting inhibition of Akt and mTOR activity in vivo is similar to that of other investigators using ICV or intravenous inhibitors (Erlich et al, 2007; Pignataro et al, 2010) . Moreover, rapamycin was administered ICV at the doses similar to those in non-central nervous system injury models (Ropelle et al, 2008) . Overall, although additional (off target) effects of Akt inhibitor and rapamycin are possible, our data suggest that activity of the intended targets Akt and mTOR was inhibited by Akt inhibitor viii and rapamycin, respectively, in the injured brain.
We found that partial inhibition of Akt did not worsen histopathological or functional outcome after CCI. Similarly, intracerebroventricular administration of an Akt inhibitor, as well as Akt1 gene knockout, did not increase infarct size in experimental stroke models (Li et al, 2008) . Our findings are consistent with the notion that Akt inhibition alone does not necessarily worsen outcome after brain injury, similar to a previous study in which blocking insulin-like growth factor-1 receptor signaling also did not worsen functional outcome in mice with mild TBI (Rubovitch et al, 2010) . One reason for this could be that the partial inhibition of Akt achieved in the current study is inadequate to observe a negative impact on outcome after CCI. Akt inhibitor viii targets Akt1 and Akt2 in the nmol/L range but Akt3 in the mmol/L range. Thus, inadequate inhibition of Akt3 might compensate for loss of function of Akt1/2. Alternatively, surpassing the threshold of Akt activation required to observe a beneficial impact (e.g., insulin-like growth factor-1 treatment) may be easier to achieve, and explain why activating Akt is neuroprotective in brain injury (D'Ercole et al, 1996) whereas Akt inhibition does not worsen outcome after CCI (current study) and other TBI models (Rubovitch et al, 2010) .
A novel finding in the current study is that p-S6RP was strongly induced by CCI in microglia and astrocytes in injured hippocampus. Phosphorylation of S6RP was previously described exclusively in neurons after TBI in rats, and was hypothesized to increase neuronal translational capacity (Chen et al, 2007) . We also found neuronal expression of p-S6RP Figure 7 Representative photomicrographs showing microglial and astrocyte activation at 48 hours after controlled cortical impact (CCI) in mice administered akt inhibitor viii and rapamycin together (double inhibitor, DI; n = 3) versus vehicle (VEH; n = 3). Treatment with DI had no apparent effect on microgliosis or astrocytosis after CCI. before and after CCI. Our study extends the possibility that Akt/mTOR signaling may impact functional recovery by injury-specific translation or transcription in glial cells, despite the finding that combined Akt/mTOR inhibitors did not appreciably reduce morphological changes of microglia and astrocytes after CCI. TORC1 signaling might lead to gene expression and protein synthesis of proinflammatory cytokines, chemokines, inducible nitric oxide synthase, and other regulatory intermediates of the inflammatory response of glia to TBI. In this regard, Akt/mTOR inhibition might be more important in glia than in neurons (where traditionally Akt has been considered protective). Astrocytes and microglia have been hypothesized to mediate detrimental effects after TBI, and TORC1 inhibition was protective in a closed-head TBI model (Hailer, 2008; You et al, 2008; Erlich et al, 2007) . The lack of similar effects of rapamycin in our CCI model may be related to a higher injury severity and less sensitive motor tests employed in the current study (Erlich et al, 2007) .
Akt and mTOR inhibition may be beneficial after TBI because of inhibitory effects on gliosis, whereas Akt inhibition may be detrimental to survival in neurons. Our data cannot distinguish these possibilities, making interpretation of the signaling results somewhat challenging. Genetic inhibition of TORC1 component(s) in glial cells, or expression of mutant isoforms of TORC1 components driven by gliaspecific promoters, could be used to shed light on cell-specific functions of TORC1 in future studies.
We used in vivo propidium iodide as a sensitive marker of fatal cellular injury after CCI (Bermpohl et al, 2006; Whalen et al, 2008) . Combined administration of Akt and mTOR inhibitors decreased PI + cells in CA3/CA1. This observation may be due to the effects of rapamycin alone (Erlich et al, 2007) or to effects on GSK3b inhibition. Alternatively, the data may be explained in part by Akt inhibition. Although prevailing wisdom holds that Akt is antiapoptotic in central nervous system injury paradigms (Carloni et al, 2010) , Akt may function to induce necrosis by rendering cells more sensitive to oxidant injury (Nogueira et al, 2008) . Specific inhibitors of Akt inhibit photodynamic-induced necrosis in cultured neurons (Komandirov et al, 2011) , and drugs that promote activation and nuclear translocation of Akt have been used to induce death in cancer cells (Maddika et al, 2008; Nogueira et al, 2008) . Superoxide production and plasmalemma damage are detectable in hippocampal neurons and other vulnerable brain regions as early as 30 minutes after CCI Whalen et al, 2008) , lending support to the idea that Akt may influence oxidative stress-induced necrosis in CA3/CA1 after CCI. Although our data do not conclusively demonstrate a detrimental role for Akt, the possibility that Akt may contribute to necrosis in the CCI model is intriguing and worthy of further investigation.
The most striking new discovery of our study is that dual inhibition of both Akt and TORC1 leads to significant protection following TBI. The precise mechanism of this effect remains to be fully explored. While this result does not appear to be attributable to changes in Akt phosphorylation (as p-Ser473 levels were not affected), we observed a significant increase in p-GSK3b in injured hippocampus. This result was particularly unexpected as single inhibition of either kinase decreased, rather than increased GSK3b phosphorylation in the brain. One possibility is that DI treatment yielded off-target effects leading to increased GSK3b phosphorylation. Another possibility is that inhibition of both Akt and TORC1 activity results in the changes in the mechanism of GSK3b regulation, which does not occur upon single inhibition of either kinase. In cancer cells, inhibitors of Akt or mTOR promoted unexpected activation of upstream mechanisms such as Akt itself (in the case of rapamycin) and RTKs (in the case of Akt inhibitors) as part of negative feedback regulation (Chandarlapaty et al, 2011; Fan et al, 2006) . As a result, dual inhibition of Akt/mTOR or Akt/RTKs was required to block proliferation (Chandarlapaty et al, 2011; Fan et al, 2006) . Reciprocal regulation of Akt and MAPK pathways is also well established (Guan et al, 2000; Moelling et al, 2002) . In particular, Erk kinase and its downstream target, p90RSK, have been shown to also regulate Ser9 phosphorylation of GSK3b (Ding et al, 2005) . Examining the status of these putative mechanisms in the brain following Akt/TORC1 inhibition is an important direction of future studies.
Several lines of evidence suggest that inhibition of GSK3b might contribute to improved functional outcome in the current study. GSK3b is implicated in the pathogenesis of cognitive decline and neurodegeneration in Alzheimer's disease models (Hooper et al, 2008) . In rat and mouse hippocampal slices treated with amyloid b, overactivation of GSK3b potently inhibits synaptic long-term potentiation, a physiological correlate of learning and memory, that is restored by specific inhibitors of GSK3b (Jo et al, 2011) . Mice treated with lithium, a specific inhibitor of GSK3b, had improved MWM performance after CCI compared with vehicle with an effect size similar to that observed in the current study . Interestingly, mTOR is required for normal learning and memory processes and inhibition or dysregulation of mTOR causes learning deficits in normal mice (Qi et al, 2010) . Data from the current study are consistent with an injuryspecific beneficial effect of Akt/mTOR inhibitors as combined therapy did not affect MWM performance in sham-injured mice tested 8 to 10 days after administration of compounds.
We conclude that combination therapy targeting Akt and mTOR produces beneficial effects on functional recovery associated with GSK3b inhibition after CCI. Further studies examining the effect of combination Akt/mTOR inhibitors on related signaling pathways are needed to identify novel potential targets for treatment strategies in patients with contusion TBI.
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